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Nice Source Summarizing Broad Physics Program:

— Intensity Frontier Meeting at Argonne (April 2013)
(see posted talks)

Considerable documentation to help with
discussions over the next three days
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OUTLINE

e Theory of Dark Forces & Motivation
— Fundamental Physics Motivation
— Dark Matter Motivation
— Precision Anomalies
— Dark Matter Anomalies

e What has been achieved recently
e What will be achieved in next few years

e Goals for next 10 years
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BEYOND THE STANDARD MODEL

We know there is dark matter
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. A\ngula'rs;:a'c - -l : M33 rotation curve

...but what is it?

LHC and direct detection results challenge connection
of dark matter to “weak-scale naturalness”
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COPERNICAN PARTICLE PHYSICS?
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extension of Standard
Model?
(axion, superpartner, ...)

Comletely
new physics?

What do we actually know about the dark sector?
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BEYOND THE STANDARD MODEL

Dark Sector ?
U(l)D Xz

Look for interactions allowed symmetry!




BEYOND THE STANDARD MODEL

Known matter interacts through three gauge
forces (strong, weak, and electromagnetic) |

FDHS fa sc
iR HS jo io
Eﬂ§§< §a- g~

LHC looking for new matter interacting
through the same forces

...but what about matter that is not charged under
these forces?

Gauge- & Lorentz-invariance restrict possible interactions
with such matter to high dimension operators. New sub-
GeV matter can be consistent.
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FHE “PORTALS

Searches can be organized around a small number of
interactions allowed by Standard Model symmetries

nggS Portal e ‘ h ‘ 2 | ¢ | 2 exotic rare Higgs decays?
Neutrino Portal €v (hL )w not-so-sterile neutrinos?
Vector Portal —EY F ’ F bl kinetic mixing?

: il nIny
Axion Portal e al % £ axion-like particles?
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FHE “PORTALS

Searches can be organized around a small number of
interactions allowed by Standard Model symmetries

nggS Portal e ‘ h ‘ 2 | ¢ | 2 exotic rare Higgs decays?

Neutrin() P()rtal Cy (hL ) w not-so-sterile neutrinos?

Focus of this talk

Vector Portal —EY FY Fuv

; [V
Axion Portal e —ak % F axion-like particles?
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(A’ invisible “dark matter” Decays)

THE TERRITORY
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1

(Izaguirre, Krnjaic, PPS, Toro)
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GEV-SCALE DISCOVERY FRONTIER

Tremendous opportunity to explore GeV-5cale dark
matter and weakly coupled physics with novel
small-scale experiments!

PERIODIC TABLE OF THE ELEMENTS Y ® ?
Bt = g What will we find~
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OUTLINE

e Theory of Dark Forces & Motivation
— Fundamental Physics Motivation
— Dark Matter Motivation
— Precision Anomalies
— Dark Matter Anomalies

e What has been achieved recently
e What will be achieved in next few years

e Goals for next 10 years
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SOURCES AND SIZES OF
KINETIC MIXING 3¢v F), F'"

e If absent from fundamental theory, can still be
generated by perturbative (or non-perturbative)
quantum effects

— Simplest case: one heavy particle 1 with both EM

charge & dark charge
Y
4 N w A/
egp |

generates € o5 102 i =10
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SOURCES AND SIZES OF
KINETIC MIXING 3¢v F), F'"

e If absent from fundamental theory, can still be
generated by perturbative (or non-perturbative)
quantum effects

— In Grand Unified Theory, symmetry forbids tree-
level & 1-loop mechanisms. GUT-breaking enters at
2 loops

generating e~ 107° —107°
(— 1077 if both U(1)’s are in unified groups)

14
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SOURCES AND SIZES OF
MASS TERM

e sub-MeV: non-perturbative physics (like Aqcp)

e MeV-to-GeV is motivated by g-2 and dark matter
anomalies

* Possible origin: related to Mz by small parameter

— e.g. supersymmetry+kinetic mixing = scalar
coupling to SM Higgs, giving

mnAr \/EMZ 5 1GeV

a motivated target of opportunity

15
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“ToP DOWN”-MOTIVATED REGION
(A” Electron/Muon Decays)
A' — Standard Model
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PROJECTIONS VS. “TOP-DOWN?”’

A' - Standard Model

One-loop region well

covered below 500
MeV

Two-loop region
explored by HPS
ng

Mass reach should

0001 001 0. I be extended, and gap
ma (GeV) should be closed ¥
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TARGET OF OPPORTUNITY?
PRECISION ANOMALIES

Muon g-2
U(1)p coupling modifies (g-2),,  «* | P
with correct sign. £~1-3 10-3 01 Exciudedy Bohdedby | | g oeems
p ; ; clectron g-2 vs muong-2 N 09 (')
can explain discrepancy with PP | e
Standard Model e
/ muon g-2/<20 ;LJ:I~ 0(e'e w"a:.sM‘ b
[Pospelov ’1(5%1]“ m,, i R .
70 600 00 400 90 20 00 O
a, — a® [Hoeker“’fO]
Muonic hydrogen

MeV-scale force carriers can explain the discrepancy
between (u-,p) Lamb shift [Pohl et al. 2010] and other
measurements of proton charge radius.

Requires couplings beyond kinetic mixing (lepton
flavor-violating component)

T L T T T T

10 100
my (MeV)
[Tucker-Smith & Yavin, 1011.4922]
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PROJECTIONS VS. MUON G-2

A' — Standard
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TARGET OF OPPORTUNITY?
DIRECT-DETECTION ANOMALIES

:‘. . ‘Best fit:

| "g mass = 8.6 GeV/c2, .

Sl R\ o=19Xx 10* cm?’
10 ', :

Several light dark matter

ol direct detection hints

| Dark matter interacting via
S EEEEE “... || dark photons is a viable

WIMP-nucleon cross-section [cm

WIMP Mass [GeV/c’) explanation discussed at

Black dots + blue and cyan contours = this work

Blue solid line = previous CDMS-Si 1 th g th 1 . t t

Dark (light) dashed red = CDMS-Il standard (low-threshold) Ge analysis eng ].n e 1 era ure
Orange diamonds = EDELWEISS low threshold

Light dash-dotted green = XENONI0 S2-only

Dark dash-dotted green = XENONI100

Magenta filled region = CoGeNT (residual surface contamination subtracted)
Yellow filled region = DAMA/LIBRA

Brown filled region = CRESST

CDMS collaboration, 1304.4279
Tracy Slatyer, IFW, April 2013 Argonne Meeting 20

Wednesday, 31 July, 13 20



TARGET OF OPPORTUNITY?
DIRECT-DETECTION ANOMALIES

p X 2 92 9
A, - . 167‘(‘ o pe mme
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Direct detection equally sensitive to any DM component

2 4
So best fit is given by: (&DE ) <G6V> T

10—12 T A/ QX

(ratio of densities)
21
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TARGET OF OPPORTUNITY?

DIRECT-DETECTION ANOMALIES
A' - Standard Model

1072 ‘ | | : i’
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1072

PROJECTIONS VS.
DIRECT-DETECTION

A — Standard Model

1073

104

1073

'V

0001 0

Will start to cover
large direct-detection
region, but will need
to do better
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ap — & QX/QDM =1

23

Wednesday, 31 July, 13



TARGET OF OPPORTUNITY?
CosMIC RAY ANOMALIES

Tracy Slatyer, IFW, April 2013 Argonne Meeting

Positron fraction
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Increasing positron fraction may be due to DM

annihilation/decay to A’s 24
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TARGET OF OPPORTUNITY?
CosMIC RAY ANOMALIES

Tracy Slatyer, IFW, April 2013 Argonne Meeting
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Solid: M, =1.6 TeV, yx—é¢—2e*, 2u*, 27" at 1:1:2
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FIG. 6: The same as in Figs. 1, 2, 4 and 5 but for a diffusion zone half-width of L = 8 kpc, and for broken power-law spectrum
of electrons injected from cosmic ray sources (dN.- /dE,.- « E.*® below 100 GeV and dN,- /dE,- x E.*® above 100
GeV). The cross sections are the same as given in the caption of Fig. 5. With this cosmic ray background, the dark matter
models shown can simultaneously accommodate the measurements of the cosmic ray positron fraction and the overall leptonic

Cholis & Hooper 1304.1840

spectrum.

Fits to cosmic ray spectra prefer A masses above the
muon decay threshold (>210 MeV)

25
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TARGET OF OPPORTUNITY?

CosMIC RAY ANOMALIES
A' - Standard Model
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PROJECTIONS VS.
DM COSMIC RAY

A' - Standard Model

1074

10_5

E141

Orsay

U7y
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InA'“3€\6

. HPS and APEX will
make progress, but
- will need to do better

Non-minimal dark
sector or modified
' propagation consistent

with lighter A’ .
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PROJECTIONS
(A” invisible “dark matter” Decays)

sub- 500 MeV WIMP search using MiniBooNE

=10McV a'=a POT =2 x 10%°
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(see: arXiv:1211.2258 for proposal)
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Potential searches using electron fixed-target

PROJECTIONS
(A’ invisible “dark matter” Decays)
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10-YEAR GOALS FOR ‘“HEAVY-
PHOTON” PHYSICS -

&
* “Visible” Decays M
— (gu-2)-motivated region (<100% branching?) ot

— Full perturbative coupling range (¢210-°) over
widest mass range possible

— Sensitivity to muons and pions to extend mass
reach

— Sensitivity to multi-stage dark sector decays X

e “Invisible” decays M
— (gu-2)-motivated region (<100% branching?) X

— Full perturbative coupling range (¢210-°) over
widest mass range possible

— Probe dark matter masses from MeV to GeV range
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10-YEAR GOALS FOR ‘“HEAVY-
PHOTON” PHYSICS

Probe anomaly driven scenarios from precision, DM
direct detection, and cosmic ray hints

In the process, discover and study True Muonium, try to
carry out precision muon studies (parity violation?),
probe extended Higgs sectors...etc.

We either discover new forces (or DM), or we close up a
big window into dark sector physics at sub-GeV scales

31
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CONCLUSIONS

e Dark Forces are an exciting window into physics
far beyond the Standard Model

— Possible connections to dark matter, muon g-2, and

physics at very high energies
e Small-scale & novel experiments are pioneering

the exploration of this physics

— Will explore large new physics territory for direct A’
production and decay and discover rare SM physics

e Potential opportunities at many labs to directly
produce dark matter and search for invisible A’
decays with unique sensitivity

e 10-year physics program continuing to leverage
existing facilities has exciting discovery prospects

6%
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THANKS!
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